) ions are involved in many vital physiological functions. Since dietary intake is the only source of minerals for the body, intestinal absorption is essential for normal homeostatic levels. The aim of this study was to characterize the absorption of Ca 2ϩ as well as Mg 2ϩ along the gastrointestinal tract at a molecular and functional level. In both humans and mice the Ca 2ϩ channel transient receptor potential vanilloid subtype 6 (TRPV6) is expressed in the proximal intestinal segments, whereas Mg 2ϩ channel transient receptor potential melastatin subtype 6 (TRPM6) is expressed in the distal parts of the intestine. A method was established to measure the rate of Mg 2ϩ absorption from the intestine in a time-dependent manner by use of 25 Mg 2ϩ . In addition, local absorption of Ca 2ϩ and Mg 2ϩ in different segments of the intestine of mice was determined by using surgically implanted intestinal cannulas. By these methods, it was demonstrated that intestinal absorption of Mg 2ϩ is regulated by dietary needs in a vitamin D-independent manner. Also, it was shown that at low luminal concentrations, favoring transcellular absorption, Ca 2ϩ transport mainly takes place in the proximal segments of the intestine, whereas Mg 2ϩ absorption predominantly occurs in the distal part of the gastrointestinal tract. Vitamin D treatment of mice increased serum Mg 2ϩ levels and 24-h urinary Mg 2ϩ excretion, but not intestinal absorption of 25 Mg 2ϩ . Segmental cannulation of the intestine and time-dependent absorption studies using 25 Mg 2ϩ provide new ways to study intestinal Mg 2ϩ absorption.
stable magnesium isotopes; intestinal absorption; TRPM6; TRPV6; local absorption CALCIUM (Ca 2ϩ ) and magnesium (Mg 2ϩ ) are essential for many physiological functions, such as muscle contraction, neuronal excitability, bone formation, and certain enzymatic activity. It is, therefore, of vital importance that the concentration throughout the body is tightly regulated (17) . For Ca 2ϩ as well as Mg 2ϩ , this regulation takes place by the concerted action of the intestine, where these divalents are absorbed from the diet; the bones, where Ca 2ϩ and Mg 2ϩ are stored; and the kidneys, where they are filtered from the blood and reabsorbed from the pro-urine (43) .
Since our dietary intake is the only source of minerals for the body, intestinal absorption is of key importance for the maintenance of normal homeostatic levels. Intestinal absorption of Ca 2ϩ and Mg 2ϩ can take place via a paracellular and/or a transcellular pathway (40) . Paracellular transport takes place via tight junctions and is driven by the electrochemical gradient across the epithelium. The transepithelial electrical potential difference is lumen negative (24) . The luminal concentrations of Ca 2ϩ and Mg 2ϩ depend on their dietary contents and are in general sufficient to provide a transepithelial concentration gradient that further enhances absorption (32) . Transcellular absorption of Ca 2ϩ and Mg 2ϩ from the intestinal lumen is facilitated by members of the transient receptor potential (TRP) ion channel family, which represents the rate-limiting factor in the transcellular transport process. Intestinal absorption of Ca 2ϩ is mediated via TRP vanilloid type 6 (TRPV6), whereas absorption of Mg 2ϩ takes place via TRP melastatin type 6 (TRPM6) (20, 30, 43) . Other key players in transcellular Ca 2ϩ transport are calbindin-D 9K and plasma membrane Ca 2ϩ -ATPase 1b (PMCA1b), involved in intracellular Ca 2ϩ buffering and basolateral Ca 2ϩ transport, respectively (19) . For transcellular Mg 2ϩ transport in the intestine TRPM7 and cyclin M4 (CNNM4) seem to be important in addition to TRPM6, since they are though to play a role in apical and basolateral transport of Mg 2ϩ , respectively (38, 47) . The relative contribution of the paracellular and transcellular pathway to the total amount of Ca 2ϩ and Mg 2ϩ that is absorbed from the intestine depends on dietary supply and bodily needs (40) . Although occasionally debated, paracellular absorption is generally considered to be predominant under normal physiological circumstances (3, 4, 32, 40, 44) . When paracellular absorption cannot meet the daily need of the body, transcellular absorption becomes essential (6, 40) . Specific transport proteins, located in the luminal and basolateral membrane of the epithelial cells, govern this latter process (23, 26, 32) . Previous studies in mice have shown that TRPV6 is primarily expressed in duodenum, cecum, and colon, whereas TRPM6 was only found in cecum and colon (14) . This finding suggests that transcellular Ca 2ϩ and Mg 2ϩ absorption takes place only in distinct segments of the gastrointestinal tract. Functional data supporting this hypothesis are, however, lacking. Although the regulation of intestinal Ca 2ϩ absorption by hormones is well documented, the role of hormones, such as vitamin D, in Mg 2ϩ transport remains under debate (16) .
The aim of the present study was, therefore, to characterize the absorption of Ca 2ϩ and Mg 2ϩ along the gastrointestinal tract at the molecular and functional level. To this end, the expression patterns of TRPV6 and TRPM6 along the gastrointestinal tract of humans as well as mice were determined. In addition, methods were developed to measure the rate of Mg 2ϩ absorption from various segments of intestine in a time-dependent manner. To this end, a technique was developed to measure local absorption at different segments of the intestine by using surgically implanted intestinal cannulas. The intestinal absorption of Ca 2ϩ was studied with the use of the radioactive 45 Ca 2ϩ isotope. Although there are ample radioactive Mg 2ϩ isotopes, none of them is particularly suitable for absorption studies because of their short half-lives, which range from nanoseconds to hours (22) . In addition to the radioactive isotopes, three stable Mg 2ϩ isotopes exist. These stable isotopes, i.e., 24 Mg, 25 Mg, and 26 Mg, have a respective natural abundance of 79, 10, and 11% and can be distinguished by inductively coupled plasma mass spectrometry (ICP-MS) (39) 
MATERIALS AND METHODS
Patient selection, sample collection, and ethical considerations. For the expression gradients, human mucosal gastrointestinal biopsies were collected from the esophagus, fundus, antrum, duodenum (3-5 cm beyond the pylorus), terminal ileum, ascending colon, transverse colon, descending colon, sigmoid colon, and rectum. All biopsies were taken from healthy mucosa. Gastroscopies and colonoscopies were performed during routine patient care when needed for clinical diagnosis. The jejunum could not be reached for sample collection. None of the patients from whom biopsies was taken were pregnant, diabetic, or receiving estrogen substitution. One patient used 20 mg esomeprazole once daily. Patients were selected during routine patient care in Finland (Tampere University Hospital). Exclusion criteria included active hyperparathyroidism, kidney insufficiency (serum creatinine Ͼ200 M), and liver insufficiency (international normalized ratio, spontaneously Ͼ1.5). The additional biopsy samples taken for the study did not increase the complication risk of patients. This study was approved by the ethical committee of Tampere University Hospital, Finland. Written, informed consent was obtained from each subject. Studies were carried out in accordance with the Declaration of Helsinki.
Quantitative real-time PCR. Total RNA was extracted from tissues by using TRIzol reagent (Invitrogen, Paisley, UK) according to the manufacturer's protocol. The obtained RNA was subjected to DNase treatment (Promega, Leiden, The Netherlands) to prevent genomic DNA contamination. Subsequently, RNA was reverse transcribed with murine leukemia virus reverse transcriptase. The obtained cDNA was used to determine mRNA expression levels of various calciotropic and magnesiotropic genes, as well as mRNA levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as an endogenous control. The mRNA expression levels were quantified by real-time PCR on a CFX69 real-time detection system (Bio-Rad, Veenendaal, The Netherlands) by use of SYBR Green (Bio-Rad) and calculated by the ⌬⌬Ct method. Data was normalized for total expression along the gastrointestinal tract. Primers (Biolegio, Nijmegen, the Netherlands) were designed with Primer 3 software (Whitehead Institute for Biomedical Research, Cambridge, MA) and are listed in Table 1 .
Animal studies. Male C57BL/6J mice (8 wk old) were purchased from Harlan, the Netherlands. For the tissue panels, animals were euthanized by cervical dislocation. Subsequently, intestinal segments were isolated, cleaned, and snap frozen in liquid nitrogen. For all other studies mice were housed in a temperature-and light-controlled room with a standardized pelleted chow ( 
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Homo sapiens
Homo sapiens 5=-GCTTTGCTTCAGCCTTCTATATCAT-3= 5=-TGGTAAGGAACAGCTCGAAGGT-3= TRPM6
Homo sapiens 5=-GCGGACATGGCATAAAATCTTC-3= 5=-TTGAGCAGCTCTTTGTTGTTGAA-3= TRPM7
Homo sapiens 5=-GAGTCCGCCCCGTGAGG-3= 5=-TCCTGGAAGGCATCTGTG-3= CNNM4
Homo sapiens 5=-TCCTGGGCCAGTACATCTC-3= 5=-GAAACTGAGGGCTGTTCTCC-3= Calb-D9K
Homo sapiens 5=-GACCAGTTGTCAAAGGATGAACTG-3= 5=-TCTAGGGTGTTTGGACCTTTGAG-3= PMCA1b
Homo sapiens 5=-CCCGGAAAATTCATGGTGAA-3= 5=-CTGTACCACAAAAGTGCCTAAAACA-3= GAPDH Mus musculus 5=-TAACATCAAATGGGGTGAGG-3= 5=-GGTTCACACCCATCACAAAC-3= TRPV6
Mus musculus 5=-CTTTGCTTCAGCCTTCTATATCAT-3= 5=-TGGTAAGGAACAGCTCGAAGGT-3= TRPM6
Mus musculus 5=-AAAGCCATGCGAGTTATCAGC-3= 5=-CTTCACAATGAAAACCTGCCC-3= TRPM7
Mus musculus 5=-GGTTCCTCCTGTGGTGCCTT-3= 5=-CCCCATGTCGTCTCTGTCGT-3= CNNM4
Mus musculus 5=-TCTGGGCCAGTATGTCTCTG-3= 5=-CACAGCCATCGAAGGTAGG-3= Calb-D9K
Mus musculus 5=-CCTGCAGAAATGAAGAGCATTTT-3= 5=-CTCCATCGCCATTCTTATCCA-3= PMCA1b
Mus musculus 5=-CGCCATCTTCTGCACCATT-3= 5=-CAGCCATTGCTCTATTGAAAGTTC-3= TRPV5
Mus musculus 5=-CCACAGTGATGCTGGAGAGG-3= 5=-GGATTCTGCTCCTGGTGGTG-3= 1␣OHase
Mus musculus 5=-CGGATTGCTAACGGCGGA-3= 5=-GGCGCCTTAGTCGTCGCA-3= CLDN2
Mus musculus 5=-TGGTGGGCATGAGATGCA-3= 5=-CTCCACCCACTACAGCCACTCT-3= CLDN12
Mus musculus 5=-TCACATTCAACAGAAACGAGAAGAA-3= 5=-CCATCATACCGGGCACACTT-3= (0.25% wt/wt Mg 2ϩ ) (14) . All diets were purchased from SSNIFF Spezialdiäten (SSNIFF Spezialdiäten, Soest, Germany), and Mg 2ϩ content of the diets was increased by the addition of MgO. For urine and feces collection, animals were individually housed in metabolic cages for 24 h. Blood was sampled from the submandibular facial vein at the end of the stay in the metabolic cages, and sera were collected for Mg 2ϩ measurements. For studies on vitamin D, animals received daily intraperitoneal injections with 1,25-dihydroxyvitamin D 3 (100 pg·g body wt Ϫ1 ·day Ϫ1 ) in peanut oil or vehicle for 14 days. All experiments were approved by the animal ethics board of the Radboud University Nijmegen (Ethical License number RU-DEC 2010-143, RU-DEC 2010-204, RU-DEC 2011-165).
Placement of intestinal cannulas. Cannulas were made using PE-50 polyethylene tubing (Instech Laboratories, Plymouth Meeting, PA), with an inner diameter 0.58 mm and outer diameter of 0.97 mm. Suture bulbs with a diameter of ϳ2 mm were created on the end of pieces of polyethylene tubing by using Dow Corning 723 flowable sealant silicone elastant (Dow Corning, Midland, MI). Mice were anesthetized with 1 g/g body wt medetomidine-hydrochloride (Sedastart, ASTfarma, Oudewater, The Netherlands) and 0.08 mg/g body wt ketamine (Nimatek, Eurovet, Bladel, The Netherlands), both administered via subcutaneous injection. The abdominal skin was opened via a lateral incision, after which the muscle layer was cut along the linea alba (Fig. 1A) . Next, the cecum or stomach was localized, a small hole was created, and a pouch suture was placed around the hole, after which the tip of the cannula was inserted into the lumen ( The suture was closed around the cannula, in between the suture bulbs, fixing the cannula in place. The tubing was passed through the muscular layer of the intestinal wall on the lateral side, after which the abdominal cavity was closed with a running stitch (Fig. 1 
, G and H).
A pocket was created between the muscular layers and the skin. A SIP22/4 miniature injection port (Instech Laboratories) was attached to the cannula and placed in the subcutaneous pocket on the ventrolateral side of the animal (Fig. 1, I and J). The wound was closed with a running stitch and covered with wound clips to prevent postsurgical opening of the wound. Medetomidine anesthesia was reversed with a subcutaneous injection of 1 g/g body wt atipamezole hydrochloride (Sedastop, ASTfarma). During the first 3 days after surgery, animals received 0.05 g/g body wt buprenorphine hydrochloride (Temgesic, Reckitt Benckiser, West Ryde, Australia) twice a day via subcutaneous injection to prevent postoperative pain. The cannula was accessible via the skin and was flushed every other day with a small volume (ϳ50 l) of saline to prevent clogging (Fig. 1K ). Animals were allowed to recover for a minimum of 7 days, before absorption experiments were performed. In general, the mice fully recover during this period, as indicated by their return to the preoperative weight (Fig. 1M) .
Electrolyte determinations in serum, urine, and feces. Before analysis, fecal samples were homogenized and digested in 65% vol/vol nitric acid (Sigma-Aldrich) for 2 h at 70°C, followed by an overnight incubation at room temperature. Serum, urinary, and fecal total Ca 2ϩ concentrations were measured with a colorimetric assay as described previously (18) . Total Mg 2ϩ concentrations were determined by using a colorimetric xylidyl-II blue assay kit according to the manufacturer's protocol (Roche Diagnostics, Woerden, The Netherlands). Within-run precision and accuracy was controlled by means of an internal control Precinorm U (Roche Diagnostics, Almere, The Netherlands). Urinary Na ϩ , K ϩ , Cl Ϫ , and Pi were analyzed with a Hitachi auto analyzer (Hitachi, Laval, Quebec, Canada).
In vivo 25 Mg 2ϩ absorption assay. Intestinal absorption of Mg 2ϩ was measured by analyzing serum 25 Mg 2ϩ levels. In short, animals were fasted (food, not water) overnight on wire mesh raised floors to prevent coprophagia. At time point 0, mice were administered a solution containing 44, 10, or 1.8 mM 25 Mg 2ϩ (MgO, isotopic enrichment of Ͼ98%, CortectNet, Voisins-Le-Bretonneux, France), 125 mM NaCl, 17 mM Tris·HCl pH 7.5, 1.8 g/l fructose. Animals were administered a volume of 15 l/g body wt via oral gavage or via the subcutaneously placed injection ports. Subsequently, blood was withdrawn at serial time points via orbital puncture or via a small cut in the tail and collected in Microvette serum tubes (Sarstedt, EttenLeur, The Netherlands). After collection of serum from the coagulated blood samples, samples were digested in nitric acid (65% concentrated, Sigma, Zwijndrecht, The Netherlands) for 1 h at 70°C followed by an overnight incubation at room temperature. Subsequently, samples were diluted in milliQ and subjected to ICP-MS analysis (X1 series, Thermo Fisher Scientific, Breda, The Netherlands).
Calculations. 45 Ca 2ϩ absorption assay. Mice were fasted (food, not water) overnight on wire mesh raised floors to prevent coprophagia. At time point 0, mice were administered a solution containing 0.1, 10, or 44 mM CaCl 2, 125 mM NaCl, 17 mM Tris·HCl pH 7.5, 1.8 g/l fructose, enriched with 20 Ci 45 CaCl2/ml (18 Ci/g, New England Nuclear, Newton, MA) in a volume of 15 l/g body wt. The solution was administered via the subcutaneously placed injection port. Blood samples were obtained via orbital puncture at serial time points after isotope administration via orbital puncture. Blood was collected in Microvette tubes (Sarstedt, Nümbrecht, Germany), after clotting serum was removed and serum 45 Ca 2ϩ levels were analyzed by liquid scintillation counting. The change in the serum Ca 2ϩ concentration was calculated from the 45 Ca 2ϩ content of the serum samples and the specific activity of the administered 45 Ca 2ϩ . Statistical analysis. Values are expressed as means Ϯ SE. Statistical comparisons were analyzed by one-way ANOVA with a Bonferroni correction, t-tests corrected for multiple comparisons by Holm-Šídák method, or an unpaired Student's t-test. Differences between groups were considered to be statistically significant at P Ͻ 0.05. Statistical analysis was performed with GraphPad Prism (Macintosh version, 4.51).
RESULTS
TRPV6 and TRPM6 expression along the gastrointestinal tract in humans and mice.
In the human gastrointestinal tract, TRPV6 is expressed predominantly in the stomach and duodenum ( Fig. 2A) . Along the murine gastrointestinal tract, the expression pattern of TRPV6 is slightly different. In addition to the expression in the stomach and the duodenum, TRPV6 is also strongly expressed in the cecum as well as in the distal regions of the colon ( Fig. 2A) . TRPM6 is expressed in the distal regions of the gastrointestinal tract of human subjects and mice (Fig. 2B) . Interestingly, like TRPV6, TRPM6 in mice is expressed strongly in the cecum (Fig. 2B) . Expression of the intracellular Ca 2ϩ binding protein calbindin-D 9k was mainly restricted to the duodenum (Fig. 2C) , whereas the basolateral Ca 2ϩ -pump PMCA1b was ubiquitously expressed (Fig. 2E) . TRPM7 was evenly expressed throughout the gastrointestinal tract (Fig. 2D) . Expression of the basolateral Mg 2ϩ transporter CNNM4 was most prominent in the distal gastrointestinal segments, resembling the expression profile of TRPM6 (Fig. 2F) . However, in contrast to TRPM6, CNNM4 expression was not completely absent in the proximal gastrointestinal tract. Expression profiles of calbin- (Table 2 ). Wet weight of the feces from the mice receiving the high-Mg 2ϩ diet was significantly increased; however, stools were solid and mice did not display signs of dehydration ( Table 2 ). The mice on the low-Mg 2ϩ diet had significantly lower serum Mg 2ϩ levels compared with the group on the normal diet (Fig. 3A) . In addition, urinary Mg 2ϩ excretion was diminished and fecal Mg 2ϩ excretion was decreased (Fig. 3, B and C) . Serum Mg 2ϩ levels in mice receiving the high-Mg 2ϩ diet were not significantly different from the group on the normal diet (Fig. 3A) . Urinary and fecal Mg 2ϩ excretion, however, were both significantly increased (Fig. 3, B  and C) . Interestingly, urinary excretion of Ca 2ϩ was significantly decreased in the group receiving the low-Mg 2ϩ diet and significantly increased in the group receiving the high-Mg 2ϩ diet (Fig. 3E) . Serum Ca 2ϩ levels and fecal Ca 2ϩ excretion remained unchanged (Fig. 3, D and F) . Urinary excretion of Na ϩ , K ϩ , and Cl Ϫ did not differ significantly between the groups, excretion of P i was significantly higher in the lowMg 2ϩ -diet group compared with the groups receiving normal and high-Mg 2ϩ diets (Table 2) . Dietary Mg 2ϩ restriction significantly stimulated the rate of intestinal absorption of Mg 2ϩ (Fig. 3G) . Conversely, intestinal absorption of Mg 2ϩ in the high-Mg 2ϩ -diet group was diminished compared with the normal group. The absorption of Mg 2ϩ in the low-Mg 2ϩ -diet group was significantly higher compared with the normal group (110.0 Ϯ 3.0% and 100.0 Ϯ 0.1%, respectively, P Ͻ 0.01) and in the group on the highMg 2ϩ diet absorption was significantly lower compared with the normal group (95.0 Ϯ 1.0 vs. 100.0 Ϯ 0.1%, respectively, P Ͻ 0.05) (Fig. 3H) . TRPM6 mRNA expression levels in the colon were slightly, but significantly, regulated by dietary Mg 2ϩ , showing an increase in the group on the low-Mg 2ϩ diet and a decrease as a consequence of the high-Mg 2ϩ diet (Fig.  3I) . Importantly, the two diets did not affect the renal expression of 1-␣-hydroxylase (1␣OHase) (Fig. 3J) .
Absorption of Ca 2ϩ and Mg 2ϩ in intestinal segments. To investigate the mineral absorption specifically in the proximal and distal intestinal segments, cannulas were surgically implanted in either the stomach or the cecum of mice. The Ca 2ϩ absorption in the proximal intestine was significantly higher compared with the more distal part at all luminal concentrations of Ca 2ϩ tested (0.1, 10, and 44 mM) (Fig. 4, B, D, and F) .
The proximal Mg 2ϩ absorption was higher compared with the distal part of the intestine at a high luminal concentration of Mg 2ϩ (44 mM) (Fig. 4E) , but not at lower luminal concentrations (1.6 and 10 mM Mg 2ϩ ) (Fig. 4, A and C) . The relationship between the absorption of 25 Mg 2ϩ and the luminal Mg 2ϩ concentration is displayed in Fig. 4G . In the proximal intestine, the absorption of 25 Mg 2ϩ resembles a linear relation to the buffer Mg 2ϩ concentration, whereas in the distal part of the intestine the absorption of Mg 2ϩ seems saturable at higher Mg 2ϩ concentrations. The relation between 45 Ca 2ϩ absorption and the luminal Ca 2ϩ concentration is comparable in the proximal and distal parts of the intestine and resembles a saturable and a nonsaturable linear component (Fig. 4H) .
Effect of vitamin D on Mg 2ϩ homeostasis. To determine whether vitamin D has an effect on Mg 2ϩ homeostasis, and more specifically on intestinal Mg 2ϩ absorption, mice were treated with 1,25-dihydroxyvitamin D 3 (100 pg·g body wt in intestinal segments. Solid lines represent mice with a cannula placed in the stomach, dashed lines represent mice with a cannula placed in the cecum. 25 Mg 2ϩ absorption by using a buffer containing 1.6 (A), 10 (C), or 44 (E) mM Mg 2ϩ . 45 Ca 2ϩ absorption using a buffer containing 0. tion of 25 Mg 2ϩ was measured. Vitamin D treatment significantly increased serum Mg 2ϩ and Ca 2ϩ levels as well as 24-h urinary Mg 2ϩ and Ca 2ϩ excretion (Fig. 5, A-D) . Importantly, the intestinal Mg 2ϩ absorption was not significantly different between vehicle-and vitamin D-treated mice (Fig. 5E) .
Effect of vitamin D on intestinal Mg 2ϩ absorption. The mRNA expression levels of TRPV6 in duodenum (Fig. 6C) as well as the colon (Fig. 6A ) of vitamin D-treated mice were significantly increased compared with vehicle-treated controls. TRPM6 expression in the colon, however, remained unchanged (Fig. 6B) . The duodenal expression levels of CLDN2 and CLDN12 were analyzed to determine the effect of vitamin D on paracellular mineral transport. No significant differences in the expression levels were observed between vitamin D-treated mice and controls (Fig. 6, D and  E) . In kidney, 1␣OHase expression was significantly decreased in the vitamin D-treated group, indicating appropriate suppression of vitamin D synthesis by vitamin D treatment (Fig. 6F) . The renal TRPV5 expression of vitamin D-treated mice was significantly augmented compared with controls, whereas no changes were observed in renal TRPM6 expression between both groups.
DISCUSSION
Compared to Ca 2ϩ , little is known about Mg 2ϩ absorption in the intestine, including hormones regulating this process. The aim of this study was, therefore, to investigate the absorption of Mg 2ϩ along the gastrointestinal tract on a molecular and functional level. Our findings indicate that 1) mRNA expression of TRPV6 is predominant in the proximal part of the human gastrointestinal tract, whereas TRPM6 is mainly expressed in the distal segments and expression patterns of TRPV6 and TRPM6 in the murine gastrointestinal tract are similar to those observed in humans; 2) intestinal absorption of Mg 2ϩ is regulated by dietary supply; 3) Ca 2ϩ is predominantly absorbed in the proximal parts of the intestine, irrespective of its luminal concentration; 4) at low luminal concentrations, Mg 2ϩ is predominantly absorbed in the distal intestinal segments; and 5) vitamin D does not affect Mg 2ϩ absorption in a physiological in vivo setting.
The epithelial mineral channels, TRPV6 and TRPM6, form the gatekeepers of Ca 2ϩ and Mg 2ϩ absorption, respectively, along the gastrointestinal tract (10, 29) . In humans, TRPV6 is expressed predominantly in the stomach and duodenum, whereas TRPM6 is mainly expressed in the ileum and colon. In mice, TRPV6 was also expressed in cecum and distal segments of the colon, whereas TRPM6 was in addition to ileum and colon also abundantly detected in cecum. The discrepancy between the expression patterns of these TRP channels in human and mice might be explained by the morphological and functional differences between their gastrointestinal tracts. Mice are nonruminant herbivores that have a large cecum compared with humans (21) . Their cecum houses many types of microorganisms, which aid in the digestion of plant material by breaking down cellulose (11) . Plant material is an important source of Ca 2ϩ and Mg 2ϩ , which is only released if cellulose is digested. Since the digestion of cellulose takes place in the cecum of mice, these nutrients are released from the plant material in the more distal segments of the intestine.
Intestinal content also affected renal excretion of Ca 2ϩ . Our previous studies have shown that dietary Mg 2ϩ content does not affect intestinal Ca 2ϩ absorption (14) . The coupling between the Ca 2ϩ and Mg 2ϩ balance has previously been observed (2, 14) , but the underlying mechanism remains under debate and is of interest for future research (2, 5, 25, 33) . The changes in renal P i excretion during Mg 2ϩ depletion or supplementation are most likely the result of intestinal chelation of P i by Mg 2ϩ . In line with this observation, it was recently demonstrated that the reduced renal Pi excretion upon Mg 2ϩ loading is independent of parathyroid hormone and the CaSR (33) .
Paracellular absorption of Ca 2ϩ and Mg 2ϩ mainly takes place in the duodenum and jejunum. On the basis of the expression patterns of TRPV6 and TRPM6 observed in the gastrointestinal tracts of humans and mice, we hypothesized that transcellular Ca 2ϩ absorption mainly takes place in the proximal parts of the intestine whereas transcellular Mg 2ϩ absorption is restricted to the distal parts of the gastrointestinal tract. To address this hypothesis in an in vivo setting with functional measurements, intestinal cannulas were placed in either the stomach or the cecum of mice, to allow local measurements of mineral absorption. Indeed, Ca 2ϩ absorption in the proximal intestine was significantly higher compared with the more distal parts at all luminal concentrations of Ca 2ϩ that were tested. Mg 2ϩ absorption in the proximal intestine on the other hand was higher compared with the distal part of the intestine at a high luminal concentration of Mg 2ϩ , but not at lower luminal concentrations. At high luminal concentrations of Ca 2ϩ or Mg 2ϩ paracellular absorption is considered to be predominant, whereas low luminal concentrations favor transcellular absorption (4, 40) . The findings in our study, therefore, suggest that transcellular Ca 2ϩ absorption takes place in the proximal region of the intestine, whereas transcellular Mg 2ϩ absorption mainly occurs in the distal gastrointestinal segments.
Because of the similarities between Ca 2ϩ and Mg 2ϩ homeostasis, the calciotropic hormone vitamin D has often been suggested to play a role in Mg 2ϩ handling (16) . To examine the effect of vitamin D on Mg 2ϩ homeostasis, mice were treated with 1,25-dihydroxyvitamin D 3 for 14 days. Vitamin D treatment increased serum Ca 2ϩ levels as well as urinary Ca 2ϩ excretion, which is in line with previous findings (35) . Interestingly, serum Mg 2ϩ levels and 24-h urinary Mg 2ϩ excretion were also significantly higher compared with controls, suggesting that intestinal absorption of Mg 2ϩ was increased. However, changes in intestinal absorption were not detected by the 25 Mg 2ϩ absorption assay. To gain more insight in the underlying molecular processes, mRNA expression levels or various genes were determined in duodenum, colon, and kidney of the vehicle-treated controls and vitamin D-treated mice. TRPM6 expression was unchanged both in colon and kidney, indicating that vitamin D does not affect transcellular absorption via TRPM6 at the transcriptional level. Vitamin D could also have an effect on paracellular transport of Ca 2ϩ and Mg 2ϩ . However, expression of vitamin D-sensitive tight junction proteins CLDN2 and CLDN12 was unchanged by vitamin D treatment (12) . Therefore, it is unlikely that they contributed to changes in intestinal Mg 2ϩ absorption. So, despite the changes in serum Mg 2ϩ levels and urinary Mg 2ϩ excretion, no functional or molecular evidence was found that vitamin D affects intestinal Mg 2ϩ absorption. High urinary Ca 2ϩ levels may affect renal Mg 2ϩ handling, explaining the hypermagnesiuria, but not the observed hypermagnesemia (31, 36) . Alternatively, vitamin D-induced mobilization of Mg 2ϩ from bone could provide an alternative explanation for the increased serum Mg 2ϩ levels and urinary Mg 2ϩ excretion in vitamin D-treated animals (27) . Although Mg 2ϩ homeostasis can be influenced by vitamin D in pharmacological doses, which is in line with previous findings, vitamin D seems to have no effect on Mg 2ϩ homeostasis in the normal physiological range (16) . Indeed, 1␣OHase and klotho knockout mice, which are vitamin D deficient or display hypervitaminosis D, respectively, both have normal serum Mg 2ϩ levels, urinary Mg 2ϩ excretion, and renal TRPM6 expression levels (14, 46) .
In conclusion, the stable isotope technique and intestinal cannulas were successfully applied to measure time-and location-dependent absorption of Mg 2ϩ in the intestine in an in vivo setting. Using this technique demonstrated that transcellular Ca 2ϩ and Mg 2ϩ absorption in the intestine are spatially separated. In addition, it was shown that absorption of Mg 2ϩ from the intestinal lumen is regulated by dietary supply, but not by vitamin D. Together, the intestinal cannulas and 25 Mg 2ϩ absorption assay provide a novel set of tools, which can be applied to investigate the intestinal absorption of Mg 2ϩ and other ions in a physiological relevant in vivo setting.
